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Abstract
With the presence of FACTS controllers in power system transmission for enhancing the power system controllability and stability,
the problem of coordinating protective relays becomes more challenging. The over-current relay is widely used in many protection 
applications throughout distribution network and the IDMT directional over-current Relay is one of the most important protection 
systems on transmission lines. Its function would generally be changed in presence of FACTS devices. In this paper a study for 
obtaining the direct effects of the varying reactance of the TCSC with respect to the firing angle alpha on short-circuit parameters of 
three phase fault and DOCR operating time is investigated. The simulation of the linear programming technique is performed in 
Matlab software environment. The case study is compared between compensated and uncompensated system.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Protection is the science, skill, and art of applying and setting relays or fuses, or both, to provide maximum 
sensitivity to faults and undesirable conditions, but to avoid their operation under all permissible or tolerable 
conditions. Problems can and do occur in protective equipment; nothing is perfect. To minimize the potential 
catastrophic problems that can result in the power system from a protection failure, the practice is to use several relays 
or relay systems operating in parallel (Lewis B. J, Thomas J. D; 2006). The most obvious effect of a shunt fault is a 
sudden build up of current. So it is natural that the magnitude of current be utilized as positive indication of existence 
of a fault. Therefore the over-current protection is the most widely used form of protection. As soon as the fault takes 
place it is sensed by both primary and backup protection. However, the primary protection is the first to issue the trip 
signal as its operating time being less than that of the backup relay (Prashant P. B, Sudhir R. B; 2011).
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The problem of coordinating protective relays in electric power systems consists of selecting their suitable settings 
such that their fundamental protective function is met under the requirements of sensitivity, selectivity, reliability and 
speed. Directional over-current relays are commonly used as an economical means for protecting power systems. The 
selection of the settings of these types of relays plays an important role in reducing the impact of the fault on the power 
system (Cheng-Hung Lee, Chao-Rong Chen; 2007). However, the integration Flexible AC Transmission System 
(FACTS) in the transmission network has increased the problem of coordinating protective relays which becomes more 
challenging (R. Benabid, M. Zellagui, A. Chaghi, and M. Boudour 2013).
In this paper we investigate the effects of the series FACTS devises i.e. Thyristor Controlled Series Capacitor (TCSC) 
installed in transmission line on the inverse definite minimum time (IDMT) directional over-current relay.
2. Operation of Thyristor Controlled Series Capacitor
The TCSC consists of as a series compensating capacitor (C) shunted by a thyristor controlled reactor (TCR) as 
shown in Figure 1 which is placed series in transmission line (Nayeripour, M., Mahdi Mansouri M.; 2013).
Fig 1. Basic TCSC scheme
The TCSC has four operation modes: Blocking, Bypass, Capacitive and Inductive mode. TCSC impedance consists 
of capacitor and inductor reactance as expressed by equation (1), where jX L ĮLV a reactance of the inductive branch 
DQGGHSHQGVRQWKHILULQJDQJOHĮ) of the thyristors (M. Zellagui, and A. Chaghi, 2012). The four mode operations are 
made by this angle.
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2.1. Blocking Mode Operation 
If thyristors are off during each period, The TCSC impedance will be equal to capacitance reactance XC. It is 
obvious that TCSC will be like a series capacitor and will have all effects of series capacitor in the transmission line. 
The firing angle of the thyristors is 90 degree in this mode.  
2.2. Bypass Mode Operation
When two anti-parallel thyristors are on in all time that they have turning on condition, TCSC will operate in 
Bypass mode. Thyristors conduct 180 degree in each cycle. The inductance of the TCR branch is in circuit always and 
the TCSC impedance is as expressed in equation (2).
CL
CL
TCSC XX
XX-)(X

 D (2) 
It is recommended to consider negative sign in equation (2) because the negative value of X TCSC will mean 
capacitive reactance and the positive value will be equal to inductive reactance. This is given in equation (3) (R. 
Mohan Mathur, Rajiv K. Varma 2002 and Nayeripour, M., Mahdi Mansouri, M.; 2013).
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TCSC impedance will be inductive because XL is smaller than XC.
2.3. Capacitive and Inductive Mode Operation
If the firing angle of the thyristors is greater than zero and smaller than 90 degree, the impedance of the TCR 
branch in fundamental frequency will be expressed by equation (4) ZLWKĮLV the firing delay angle with respect to zero 
crossing of the line current (Nayeripour, M., Mahdi Mansouri M.; 2013). ıLVthe FRQGXFWLQJDQJOHDQGLVHTXDOWRı 
ʌ– Į
fdd

 )(XX,
Sin2Į2Įʌ
ʌX)(X LLLL DD (4)
The TCSC can be installed anywhere in the transmission circuit in order to control the power flow as a function of
its capacitive-reactance. Since it is essentially a variable reactance, its impedance will be added arithmetically to the 
system impedance and result in a reduction of the fault currents.
2.4. Analysis of TCSC from the point of view of power flow control in power system
The series compensation provided by the TCSC can be adjusted rapidly to ensure specified magnitudes of power 
flow along designated transmission lines as in Figure 2. This condition is evident from the TCSC’s efficiency; it has the,
ability to change its power flow as a function of its capacitive-reactance setting (R. Mohan Mathur, Rajiv K. Varma 
2002):
Fig 2. Diagram of transmission path with TCSC
The expressioon of the power flow are given by the following equations
sinį
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VVP
TCSC12
21
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Where:
P12: the active power flow from bus-1 to bus-2.
Q2: the reactive power at bus-2
V1, V2: the voltage magnitudes of buses 1 and 2, respectively.
Z12: the line impedance.
XTCSC: the controlled TCSC reactance combined with fixed-series capacitor reactance.
Z12/2
Bus-1 Bus-2
TCSC
Z12/2 XTCSC
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įWKHGLIIHUHQFHLn the voltage angles of buses 1 and 2.
The rated value of the TCSC is a function of the reactance of the transmission line where the TCSC is installed:
TCSC12Line XXX  (7)
Where X୘ୌେ = K୘ୌେ . X୪୧୬ୣ
X୪୧୬ୣ is the overall line reactance between bus-1and 2 with TCSC. X୘ୌେ is the reactance of TCSC and K୘ୌେ is the 
coefficient which represents the compensation level of TCSC (-0.7 dK୘ୌେd0.2). The working range of reactance of 
TCSC is fixed between -0.7(capacitive) X୪୧୬ୣ and 0.2(inductive) X୪୧୬ୣ(Surender S. R, Sailaja K. M. and M. Sydulu 
2009; Prashant K. T., Yog R. S. 2012 and Nanda K. E., Dhanasekaran R., 2012).
3. Directional Over-currant Relays
7KHFXUUHQWWLPHWULSSLQJFKDUDFWHULVWLFVRI,'07,QYHUVH'H¿QLWH0LQLPXP7LPHUHOD\VPD\QHHGWREHYDULHG
according to the tripping time required and the characteristics of other protection devices used in the network. For 
these purposes, IEC 60255-3 defines a number of standard characteristics to find the over-current relays operating 
times which is defined by the equation 8 (Network Protection & Automation Guide 2002). Different characteristics are 
indicated in figure 3.
Typically, the inverse time over-current relay (OCR) consists of two elements, an instantaneous unit, and a time de-
pendent unit. The time dependent unit has two values to be set, the pickup current value (IP), and the time dial setting 
(TDS). The pickup value is the minimum current value for which the relay operates and the time dial setting defines 
the operating time (T) of the device for each current value. Normally, the characteristics of the directional over-current 
relay are given as a curve of (T) versus (M), where M (multiple of pickup current) is the ratio of the relay current, (I), 
to the pickup current value, (IP) (H.H. Zeineldin, E.F. El-Saadany, and M.M.A Salama, 2006).
1M
a
TDST b 
u and, 
PI
IM  (8)
Where, a and b are constants depending on the type of selected characteristics: Standard Inverse (SI), Very Inverse 
(VI) or Extremely Inverse (EI).
Fig 3. IDMT relays characteristics
10
0
10
1
10
2
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
10
3
(I) (A)
t 
(s
e
c
)
Standard Inverse (SI)
Very Inverse (VI)
Extremely Inverse (EI)
Long time Inverse
2425 Lazhar Bougouffa and Abdelaziz Chaghi /  Procedia - Social and Behavioral Sciences  195 ( 2015 )  2421 – 2429 
3.1. Backup-Primary Constraints
Each relay’s pickup current has minimum and maximum values as shown in equation (10). These values are chosen 
to be 1.2 and 2 times the maximum load current which is seen by each relay in a normal operation. Similarly, the time 
delay setting has minimum and maximum limits based on the relay’s current–time characteristic. The minimum and 
maximum TDS are assumed to be 0.05 and 1.2 respectively in all over studies (H. Javadi, S.M.A. Mousavi, and M. 
Khederzadeh, 2013).
max
ii
min
i TDSTDSTDS dd (9)
max
iPPi
min
Pi III dd (10)
The minimum pickup current setting of the relay (IPimin) is the maximum value between the minimum available 
current setting and the maximum load current max (Iloadimax, IPimin). (M. Jazaeri, M. Cholamzadeh, 2012). In similar, 
the maximum pickup current setting (IPimax) is chosen as the minimum value between the maximum available current 
setting of the relay and the minimum measured fault current max (IFaultimin, IPimax).
In order to coordinate two over-current relays, one as main (primary) relay (i) and the other as backup relay (j), the 
difference between the operating time of backup relay and main relay should be more than the CTI (Coordination 
Time Interval) (D. Vijayakumar & R.K. Nema 2008). So the constraints for coordination of over-current relays i and j 
will be in the form of inequality (11).
CTITT Ki
K
j d  (11)
TjK and TiK: are respectively the operation time of backup and primary relay for a short circuit in k. 
CTI is the time interval for coordination of primary and backup relay and it can take a value between 0.2 and 0.5 
seconds, it depends on the type of relays. Generally taken as 0.3 sec (Mazhar E, Robert K. 2011; Panigrahi B.K, 
Manohar Singh, A.R. Abhyankar, 2013).
4. Case Study and Simulation Results
The coordination example was carried out for the 400 kV transmission systems shown in Figure 4, which is a real 
WUDQVPLVVLRQ V\VWHP ,W LV QRW QHFHVVDU\ WR FRQVLGHU D PRUH FRPSOH[ SRZHU V\VWHP FRQ¿JXUDWLRQ DV WKH use of a 
complex power system does not reach an unexpected place. Most scenarios have the same effect on the operating 
current; therefore, the time over-current relay coordination process is carried out using pairs of relays.
Fig 4. Sample radial network study of a relay coordinating pair With TCSC
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The TCSC is installed in middle transmission line between bus-2 and bus-3. Different cases study without and with 
TCSC for three phases fault was investigated. The information data of the network impedances, loads and relays are 
shown in appendix.
In order to study the impacts of TCSC on the Directional Over-Current Relays settings, the coordination formulation 
corresponding to the compensated and uncompensated system was tested. 
Figure 5 shows the characteristic curve of the varying reactance of the TCSC with respect to the firing angle alpha. 
The inductance is chosen to be 42,442 mH aQGVHULHVFDSDFLWRU& ȝF respectively of the TCSC used in this case 
VWXG\DQGUHVRQDQFHRFFXUVDWĮ 
Fig 5. Characteristic Curve XTCSC (Į)
Figures 6 and 7 shows the impact of the TCSC insertion on the active and reactive power variation of P23 and Q3 at 
(load-2) bus-ZLWKįYDULHGEHWZHHQWR
Fig 6. The active power flow Fig 7. The reactive power flow
Figure 8 presents the PV curves for the system which represent different reactance of the TCSC compensator.
Figure 9 shows the QV curve characteristic of both network and load. The curve aim to characterize the steady state 
operation of the system with the two modes of the TCSC compensator.
0 20 40 60 80 100 120 140 160 180
0
50
100
150
200
250
300
350
400
Reactive Power versus angle
angles (G) (°)
R
e
a
c
ti
v
e
 P
o
w
e
r 
[M
V
A
R
]
Without TCSC
With TCSC
90 100 110 120 130 140 150 160 170 180
-2
-1
0
1
2
3
4
5
6
X: 143
Y: 4.134
D  (°)
X: 144
Y: -1.371
X: 180
Y: -0.03
X: 90
Y: 0.1585
X T
C
S
C
 (K
 :
)
XTCSC (D)
0 20 40 60 80 100 120 140 160 180
0
50
100
150
200
250
300
Active Power versus angle
angles (G)(°)
A
c
ti
v
e
 P
o
w
e
r 
[M
W
]
Without TCSC
With TCSC
2427 Lazhar Bougouffa and Abdelaziz Chaghi /  Procedia - Social and Behavioral Sciences  195 ( 2015 )  2421 – 2429 
Fig 8. PV curves for the system with TCSC                     Fig 9. The TCSC sizing based on VQ curves
Figure 10 shows the effect of the TCSC device on the protected system under different nonlinear fault current, with 
and without TCSC on the operating time. Figure 11 is zoomed when required to explain the direct impact on operating 
time. 
The effect of varying reactance of the TCSC on operating time of the relays with one firing angle and one setting of 
TDS for fixed IP=1can be seen in figure 11.
Fig 10. Operating times of R2 and R1 for the fault F1 in presence of TCSC
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Fig 11. Operating times of R2 for the fault F1 in presence of TCSC
5. Conclusion
The paper presents the effect of the varying the reactance of the TCSC with respect to the firing angle alpha on 
operating time of the relays. New settings of DOCR coordination for three phases fault are shown. The problem of 
DOCR coordination is solved here as non-Linear Programming problem. As a scope of further work the far end relay 
may also be included in the objective function and a new optimization technique to find the tripping time and optimal 
coordination of DOCR for optimal solution.
6. Appendix
Table1. Line Data
Table 2. Line Generation and Loads Data
Table 3. Relays Data
R
.P
X
.P
Length
(Km)
Line 1-2 0.1213 0.4227 50
Line 2-3 0.1213 0.4227 100
P
(MW)
Q
(MVar)
&RVș
(°)
Generation 125 94 0,8
Load1 36 17 0,8
Load2 64 31 0,8
Relays CT Ratio IP
R1 1200/5 1
R2 1200/5 1
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